INTRODUCTION
In many countries, especially those in which significant quantities of raw, smoked or lightly cooked ground pigmeat products are consumed, pork is a source of a substantial proportion of human Salmonella infections (Berends et al. where specialized quality assurance and hygiene control operations are in place, should reduce the opportunity for dissemination of Salmonella infection and contamination. Unfortunately, poor monitoring of farm inputs, increasing farm size, dietary changes and lack of specific Salmonella controls has meant that Salmonella has become more of a problem for the modern integrated pig industry than in the smaller independent units it has replaced (Blaha 2001) .
The starting point for control is monitoring to define the extent and distribution of infection. Bacteriological monitoring gives the best indication of the distribution of Salmonella on farms and facilitates the introduction and monitoring of control measures (Bager and Baggesen 1993) , but this must be carried out sufficiently rigorously to be meaningful, which may be expensive. Serological testing is less expensive for each individual sample, whereas bacteriological samples can be pooled in composites of up to 20 subsamples. Pooled bacteriological samples have been very effective for monitoring large groups of poultry (Kradel and Miller 1991; Aho 1992) , but are more difficult to achieve in a representative way for routine use on pig farms. Serology may provide a more sensitive indication of persistent pig herd infection than limited bacteriology (Wiuff et al. 2002) .
Following large outbreaks of Salmonella in humans and problems exporting contaminated pigmeat, a model Salmonella control policy was set up in Denmark (Mousing et al. 1997) . This was based on serological monitoring using a Mix-ELISA test capable of detecting groups B and C Salmonella serotypes, which are predominant in pigmeat production (Nielsen et al. 1998) .
This report describes a series of experiments designed to evaluate the use of pooled serum and meat juice samples in comparison with the conventional ELISA test carried out on individual samples and bacteriological results from caeca, carcase swabs and pooled pen faeces from the farm of origin of the batches of pigs tested. The objective of this study was to determine whether pooled serum or meat juice could act as an effective indicator of herd Salmonella infection status and so offer the possibility of providing an effective monitoring programme at minimum cost.
MATERIALS AND METHODS

Sampling methods
Twenty pig herds were chosen at random from the regular suppliers of two abattoirs. The previous Salmonella status of these herds was unknown. From the 20 herds a total of 430 serum, 421 juice, 421 carcase swab, 418 caecal and 369 pooled pen faecal samples were collected for testing. The aim was to attempt to test and compare samples from at least 20 pigs from each farm and 20 (or maximum available number if <20) pooled faeces samples from finishing pens on the farm of origin. There was some variability in this resulting from missing or inappropriate samples at slaughter and the sampling of some extra pigs occurred in an attempt to compensate for this.
Sampling on farm. Pigs to be slaughtered and sampled at abattoir the following day were identified on each farm and pooled pen faeces samples taken.
Each pen faeces sample (25-30 g) consisted of approx. 15 Ôpinch-sizedÕ samples taken from the surface of fresh faecal material in separate parts of the dunging area before mucking out. If large pens had more than one dunging area each area was sampled. Pen samples were collected by hand using a new disposable plastic glove for each pen sample. One pooled pen sample was taken per pen, however if the pen contained over 30 pigs then an additional sample was taken for each additional 30 pigs. The faecal samples were submitted to the laboratory for examination within 3-4 h of collection and cultural examination was undertaken on the same day of receipt.
Sampling at abattoir. At the sticking point an individual, unique tag was attached to the ear of each pig to be sampled. The tag numbers were recorded on a working sheet for transfer to the submission form after sampling was complete, this ensured that the four samples to be taken could be identified to each individual pig.
Blood samples. Blood samples were taken into universal bottles when the pigs were bled out, labelled with each pig's unique identification number and allowed to stand at room temperature for the blood clot to retract. At the laboratory a serum sample was removed from each blood and stored at )20°C until batch tested.
Carcase swabs. Carcase swabs were taken from the uniquely identified pigs before entry to the chiller. A single gauze swab was used to rub vigorously over a 10 · 10 cm square of skin at three sites on each pig -the belly, ham and jowls, according to a Danish adaptation of a US protocol (Sørensen et al. 2001) . The swab was returned to a uniquely identified sterile container and gloves were changed before taking each carcase swab sample.
Muscle samples. A sample of diaphragm muscle was taken from each pig to fill the whole of the top of a labelled meat juice sample tube. Each tube was closed and placed in an insulated sample box. At the laboratory the samples were frozen, then thawed. Meat juice was taken into uniquely identified tubes and stored at )20°C until batch tested.
Caecum. For each pig the caecum was ligated and removed from the carcase into a labelled mini-grip bag.
The carcase swab, neck muscle and caecum samples were transported to the laboratory in an insulated container with ice blocks. At the laboratory 25 g of caecal contents was aseptically removed for pre-enrichment culture.
Laboratory tests
Culture for Salmonella. The pooled pen faeces samples, the carcase swabs and the individual pig caecum contents were added to buffered peptone water (BPW, Merck, Poole, UK) and incubated at 37°C for 16-20 h. After incubation 0AE2 ml of the BPW broth was dispensed into the depth of a semisolid Diassalm (Merck) plate and all inoculated plates were incubated at 41AE5°C for 24 h. On day 3 the Diassalm culture plates were examined for suspect Salmonella growth and where this was seen a sample of the agar was inoculated onto a Rambach agar (Merck) plate, which was incubated at 37°C for 18-24 h. After incubation the Rambach plates were examined for suspicious Salmonella colonies, which were confirmed serologically and biochemically. A subculture of each confirmed Salmonella isolate was submitted to VLA Weybridge, Bacteriology Department, for full serotyping and phage typing where applicable.
Salmonella ELISA. Serum and meat juice samples were tested by the Guildhay VetSign Salmonella ELISA Kit (VP020; Guildford, UK), which incorporates lipopolysaccharide (LPS) antigens from the groups C 1 and B salmonellas: S. Choleraesuis and S. Typhimurium. Tests were conducted according to the manufacturer's instructions. Briefly, serum and meat juice samples from individual farms were tested individually and as pools of samples containing five, 10 and 20 individual samples. For making the pools, 100 ll of each serum or juice was pipetted into a single tube of their respective pools of five and mixed thoroughly. From these four pools of five, 100 ll was pipetted from each of two pools to make the two pools of 10 and mixed thoroughly. From each of the two pools of 10 samples, 100 ll was taken into another tube to make the pool of 20 and mixed thoroughly. Where the herd sample batch size varied, (range: 19-22) , this resulted in a fourth pool of four to seven samples, one of nine to 12, and a single final pool of 19 to 22. After thorough mixing of the individual and pooled samples they were tested by ELISA. Individual and pooled samples of serum and meat juice were diluted 1 : 400 and 1 : 30, respectively, according to kit instructions, before testing. Positive results were those, which gave a ratio of sample O.D. to positive control O.D.
[sample/positive (SP) ratio] of 0AE25 or greater.
Statistical analyses. All analyses and correlations were made on the basis of using the herd as a unit rather than individual animals. The correlations and descriptive statistics were calculated with STATISTICA STATISTICA (StatSoft, Inc. 2001 ). Table 1 In addition, an attempt was made to allocate herds, on the basis of ranges of 20s, into categories <0AE1, 0AE1-0AE4 and >0AE4 SP 20, as these categories appeared to correlate with low, moderate and high prevalences of Salmonella in caeca or pooled faeces from herds identified in bacteriological tests (Table 1 ). This classification produced only five herds in the best category, seven herds in the middle category and eight herds in the worst category. In terms of comparisons with meat juice ELISA results a worst farm mean SP 20 result of >0AE5 would produce the same two category 3 equivalent herds. A higher SP 20 cut-off, eg. 1AE0, could be chosen if a smaller category 3 equivalent was required.
RESULTS
The results relating to serology carried out on meat juice are presented in Table 2 . In total, 421 samples were collected and all yielded sufficient tissue fluid for testing as individuals and as pools. The mean O.D. for the individual tests carried out on meat juice was 0AE35 (range: 0AE07-0AE70) and the SP was 0AE41 (range: 0AE03-0AE87). A total of 182 of the 421 (43AE2%) samples gave positive meat juice ELISA (MJE) results. This would place only two (10%) farms in category 1, eight (40%) farms in category 3 and 10 (50%) farms in category 2, if the Danish categorization was applied.
The mean results from the various meat juice poolings were slightly higher than those relating to individual samples. The mean O.D. for individual meat juice was 0AE35 and the SP 0AE41. This compared with 0AE45/0AE48 for Ôfive poolsÕ, 0AE47/0AE51 for Ô10 poolsÕ and 0AE46/0AE48 for Ô20 poolsÕ. Table 3 shows the results of bacteriological testing of carcase swabs, caeca and pooled pen faeces. A total of 442 carcase swabs were taken of which seven [1AE7% (range: 0-9AE1%)] were positive for Salmonella, all S. Typhimurium. The positive carcase swabs largely, but not exclusively, came from herds with higher numbers of caecal positives.
A total of 420 caecal samples were tested and 102 [24AE3% (range: 0-65AE0)] contained Salmonella. About 17AE4% of samples contained S. Typhimurium and other serotypes obtained were S. Derby, S. Reading, S. Newport and S. Indiana. One farm had S. Agona in pen samples but this was not found in the 20 caecal samples examined and one farm had S. Enteritidis. A wide range of S. Typhimurium phage types (DT104, 208, 193 , U308A, U310, U302, untypable) were found both in caeca and in pooled pen faeces samples.
In only one farm no Salmonella was found in either caecal or farm pen samples. Serum and meat juice from this farm was also negative by ELISA.
A total of 369 samples of pooled pen faeces were taken from the farms of which 121 [32AE8% (range: 0-75AE0)] contained Salmonella and 23AE6% (range: 0-75AE0) contained S. Typhimurium. There was a good correlation between the serotypes and phage types found in caeca and carcases of pigs with those found on farm. Table 4 shows a correlation matrix which displays the various correlations between serology and bacteriology. None of the serological tests, including the standard serum and meat juice ELISA results (individual serum, individual juice) showed a statistically significant correlation with either carcase contamination or caecal carriage of Salmonella. O.D. readings of five, 10 and 20 pools of serum (5s, 10s and 20s) showed a significant correlation with the percentage of positive pen faeces whereas those from the standard serum and meat juice ELISA did not. There was no such correlation for pooled meat juice, largely because the meat juice readings were higher than serum so were less ÔspecificÕ when compared with bacteriology. This is likely to be a feature of the dilution factor applied to serum and less dilution of serum or greater dilution of meat juice should result in closer correlations. Figure 1 shows a scatter plot comparing serum O.D. 10s (which had the highest correlation coefficient) with pen faeces results. This shows that although the majority of farms lie close to the line a small number of substantial outliers means that only approx. 25% of the variation in one variable can be directly attributed to the other. Table 5 shows the correlation between pooled serum and meat juice and the percentage positive individual samples by standard ELISA. All of the correlation co-efficients are significant (P < 0AE05), especially serum SP with serum percentage of positive and meat juice OD with juice percentage of positive. An example correlation between pooled serum (SP 20) with serum percentage of positive is shown in Fig. 2 . Figure 3 shows a correlation between the percentage of positive pen faeces and the percentage of positive caeca. For all Salmonella the correlation co-efficient (r) is 0AE51 (N ¼ 20, P ¼ 0AE022) and for S. Typhimurium r ¼ 0AE5 (N ¼ 20, P ¼ 0AE026). Both of these are significant correlations but the scatterplot shows there are substantial numbers of outliers.
The correlation coefficient between the mean farm O.D. results for individual unpooled serum samples and individual unpooled juice was 0AE61 (P ¼ 0AE005) with 95% confidence interval (0AE22-0AE83). For the farm mean SP values it was 0AE77 (P < 0AE001) with 95% confidence interval (0AE50-0AE90). Scatterplots are shown in Figs 4 and 5.
DISCUSSION
The large amount of work carried out in development and operation of the Danish Salmonella control policy has shown that a pragmatic approach to categorize herds on the basis of Salmonella antibody seroprevalence can be an effective tool for identifying highly infected herds (Mousing et al. 1997; van der Wolf et al. 2001a) , and this approach has been adopted in several other countries worldwide (Ludewig and Fehlhaber 2001) and in other target species (Hoorfar et al. 1997; Feld et al. 2000) .
Although the individual serum or meat juice Salmonella ELISA test has a poor correlation with bacteriology on an individual pig basis (Christensen et al. 1999; Clouting and Davies 2001; Davies et al. 2001; Corrégé 2002) it can be used to flag up herds which are more likely to be in need of improved Salmonella control. This can then be confirmed by bacteriological sampling at farm level and a control plan imposed. It is also possible to organize logistic slaughter based on herd ELISA results and this can help reduce carcase and meat contamination (Swanenburg et al. 2001) . Recent changes in the Danish interpretation of results have been made in an attempt to increase the sensitivity of the test and weight results so that a closer approximation to the herd infection status at slaughter is obtained (Alban et al. 0AE26  0AE26  0AE24  0AE15  0AE43  0AE15  SOP 20s  0AE32  0AE32  0AE21  0AE02  0AE48  0AE14  SSP 20s  0AE23  0AE23  0AE22  0AE17  0AE34  0AE15  Individual juice  0AE10  0AE10  0AE42  0AE40  0AE44  0AE43  JOD 5s  0AE14  0AE14  0AE31  0AE34  0AE20  0AE13  JSP 5s  0AE28  0AE28  0AE33  0AE23  0AE43  0AE20  JOD 10s  0AE18  0AE18  0AE31  0AE31  0AE18  0AE09  JSP 10s  0AE30  0AE30  0AE33  0AE21  0AE40  0AE16  JOD 20s  0AE07  0AE07  0AE19  0AE18  0AE12  0AE02 *Marked correlations are significant at P < 0AE05 and are italicized. S, serum; J, meat juice; O.D., optical density; SP, sample/positive ratio.
2002). With any serological test for enteric bacterial pathogens there will always be problems of sensitivity and specificity; however so, it will never be possible to predict with certainty the likelihood of a batch of pigs carrying or excreting Salmonella at slaughter. This means that any controls can only effect a reduction rather than elimination of the problem. A wide range of S. Typhimurium phage types were found both in caeca and in pooled pen faeces samples in the current study. Salmonella Typhimurium U310 and U308A appear to be spreading rapidly in the pig industry at present and it will be in pig farmersÕ best interests to carry out more bacteriological sampling of replacement breeding stock to help identify the sources of these waves of new Salmonella strains which sweep through the industry. It is also important to retain some national bacteriological monitoring or the emergence of new potentially zoonotic strains may be missed. Pigs carrying S. Enteritidis, a major human pathogen and the number one serotype worldwide, would also not be detected by the ELISA. There is no serological test, which will detect all Salmonella serovars (van Winsen et al. 2001 ) so the ELISA test may miss new emerging serovars which lie outside the antigenic detection range. It is likely therefore that S. Newport (group C 2 /C 3 ) which is currently causing serious problems in the US may be poorly detected if it became established in pigs. (The single S. Newport positive pig gave negative ELISA results in the current study.) Similarly, of the top 10 human serovars 0AE70  0AE51  SSP 5s  0AE77  0AE69  SOD 10s  0AE74  0AE52  SSP 10s  0AE76  0AE67  SOD 20s  0AE71  0AE49  SSP 20s  0AE75  0AE64  JOD 5s  0AE69  0AE77  JSP 5s  0AE74  0AE71  JOD 10s  0AE74  0AE75  JSP 10s  0AE70  0AE68  JOD 20s  0AE66  0AE75  JSP found in the UK, S. Enteritidis would not be detected and S. Hadar and S. Blockley are likely to be poorly detected. The test can be extended to include additional serogroups but care must be taken to ensure the sensitivity and specificity of the expanded test is not compromised (Proux et al. 2000; Clouting and Davies 2001) .
Another problem with ELISA testing is the proliferation of tests and the deficiency of validation and harmonization (van der Wolf et al. 2001b) . In an international ring trial there were considerable differences in the performance of various ELISA test kits and in-house tests (van der Heijden 2001) and continual changes in methodology and interpretation are being made in many of these, which may also effect harmonization between test laboratories (Wiuff et al. 2000; Alban et al. 2002) . The commercial test used in the current study was found in previous unpublished work by the authors to be sufficiently robust for general use provided appropriate quality assurance (QA) procedures are applied. It is recommended that some samples are tested in duplicate (as in this study) to ensure reliability and detection of test errors but single well testing may be acceptable for monitoring trends (Steinbach et al. 1999) .
Comparisons between the ELISA results for serum and meat juice showed a statistically significant correlation but the variability amongst farms was relatively large. The divergence is greater than that previously found when Danish or in-house ELISAs were used (Nielsen et al. 1998; Clouting and Davies 2001) . Some of the discrepancy may be due to the dilution rate recommended for use with juice from diaphragm muscle and previous observations have suggested that 1 : 40 may be more appropriate (Carol Clouting, VLA Weybridge, personal communication). There are also some farms where samples appear to diverge widely from expected serum/juice ratios. The reasons for this are unclear but it is possible that factors such as stress and the state of hydration of pigs may have an influence on meat juice ELISA results.
This study has shown that pooling serum or meat juice would be a viable surveillance option. Testing one pooled sample per farm gave results, which compared well with testing 20 individual samples. If an SP category of <0AE1 was used to distinguish the Ôbest herdsÕ and >0AE4 to distinguish the worst then there would be four Ôbest categoryÕ herds and nine Ôworst categoryÕ herds. This would compare with the individual ELISA prevalence and could easily be further categorized such that farms could be ranked in a different way to that currently used in the Danish Scheme. Thus the 1% of herds with highest O.D. 20 results could be selected for further action. Herd designations should preferably be obtained on a 4-month rolling mean basis by taking one bulk sample of 20 muscle sections each month, i.e. 12 bulk samples per farm per year, and weighting the most recent sample as double the previous samples to provide a Ômost current statusÕ. Pooling meat juice from 20 pigs into one test carried out monthly would allow inclusion of samples from 240 pigs per year for the cost of little more than 12 tests. The representativeness would be further enhanced by using weighted rolling means (Alban et al. 2002) . It would then be possible to select the proportion of herds with the highest mean O.D. or SP results, which is deemed appropriate and affordable for further monitoring and control actions.
The results of this work are in agreement with other studies, which suggested that the mean antibody titre was the best parameter to compare pig herds (Steinbach and Staak 2001) . The current study was carried out on only one batch of pigs from each of only 20 farms so is likely to give a less accurate indication of farm status than the same methods used in ongoing monitoring. It is therefore 
